Abstract: Examination of the effects of high temperature (42 °C) on the photoinhibition of photosystem II 48 (PSII) in grape leaves revealed that the extent of photoinhibition of PSII was lower in the light (200 μmol 49 m -2 s -1 ) than in the dark. Heat stress in the dark induced severe injury in the grapevines, as determined by 50 the critical temperature (Tc). The maximal efficiency of PSII photochemistry (Fv/Fm) decreased 51 significantly in the dark, but it decreased much less in the light. In addition, there was a lower level of 52 degradation of the D1 protein in the light than in the dark. Furthermore, the NAD(P)H dehydrogenase 53 (NDH)-dependent cyclic electron flow (CEF) was remarkably enhanced in the light, but it was suppressed 54 in the dark. The half-time of P700 + re-reduction (t1/2) was reduced moer in in the light than in the dark 55 during heat stress. Compared to the control leaves, the antimycin A (AA)-treated leaves showed much less 56 of a decrease in Fv/Fm in the light than in the dark during heat stress; however, this increase seemed to 57 disappear in methyl viologen (MV)-treated leaves. Based on these results, we propose a significant 58 physiological function of the NDH-dependent CEF pathway under low light is the protection of PSII 59 against heat-induced photoinhibition. 60 61
10
Examination of the effects of high temperature (42 °C) on the photoinhibition of photosystem II (PSII) in 11 grape leaves revealed that the extent of photoinhibition of PSII was lower in the light (200 μmol m -2 s -1 ) 12 than in the dark. Heat stress in the dark induced severe injury in the grapevines, as determined by the 13 critical temperature (Tc). The maximal efficiency of PSII photochemistry (Fv/Fm) decreased significantly 14 in the dark, but it decreased much less in the light. In addition, there was a lower level of degradation of the 15 D1 protein in the light than in the dark. Furthermore, the NAD(P)H dehydrogenase (NDH)-dependent 16 cyclic electron flow (CEF) was remarkably enhanced in the light, but it was suppressed in the dark. The 17 half-time of P700 + re-reduction (t1/2) was reduced moer in in the light than in the dark during heat stress. 18
Compared to the control leaves, the antimycin A (AA)-treated leaves showed much less of a decrease in 19
Fv/Fm in the light than in the dark during heat stress; however, this increase seemed to disappear in methyl 20 viologen (MV)-treated leaves. Based on these results, we propose a significant physiological function of 21 the NDH-dependent CEF pathway under low light is the protection of PSII against heat-induced 22 photoinhibition .  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44 light (Yamori et al. 2015) . Since NDH could be activated by low light (Teicher & Scheller 1998) The middle-node (4/5) leaves from the grape seedlings were used in the experiment when the shoots had 104 ten leaves. To study the effects of heat stress on photosystem activities, the chosen leaves were exposed to a 105 high temperature (42 °C) for 4 h in the dark (HT/Dark). In addition, to examine the role of low light on the 106 response of the photosystem to heat stress, the chosen leaves were also subjected to heat treatments at a 107 photosynthetic photon flux density of 200 μmol m -2 s -1 (HT/LL). The protein was detected in the thylakoid membranes of the treated leaves using Western blot analysis. For 137 thylakoid membrane preparation, the leaf fragments were homogenized in an ice-cold isolation buffer (100 138 mM sucrose, 50 mM Hepes, pH 7.8, 20 mM NaCl, 2 mM EDTA, and 2 mM MgCl 2 ) and were then filtered 139 through three layers of pledget. The filtrate was centrifuged at 3000 g for 10 min. The sediments were 140 washed with isolation buffer, re-centrifuged, and then finally suspended in an isolation buffer. The 141 thylakoid membrane proteins were then denatured and separated using a 12% polyacrylamide gradient gel. 142
The denatured protein complexes in the gel were then electroblotted onto polyvinylidene fluoride (PVDF) 143 membranes (Millipore, Billerica, MA, USA), probed with D1 antibody, and then visualized using an 144 enhanced chemi-luminescence method. The quantitative image analysis of the protein levels was performed 145 using the Gel-Pro Analyzer 4.0 software. 146 2.5 Photo-inhibitory treatments 147
Chloramphenicol (CM, 1 mM) was used to inhibit the D1 protein synthesis ( All the experiments were repeated at least three times. Data are reported as the mean ± standard error (SE). 157
The data were analyzed by performing one-way analysis of variance (ANOVA) and Duncan's multiple 158 range tests for the independent samples using SPSS version 13.0 (IBM Corporation). The confidence 159 coefficient was set at 95%. 
Effect of high temperature on PSI and PSII photochemical activities 178
To understand how the light interacts with the change in PS I and PS II photochemical activities after 179 adaption at a high temperature, we compared the maximum photooxidizable P700 (Pm) and Fv/Fm levels 180 in the presence or absence of low light in heated leaves. There was no difference in the Fv/Fm level 181 between conditions of darkness and low light before the heat treatment. After approximately 1 h, heat stress 182 in the dark caused a significant decrease in Fv/Fm. In contrast, when the leaves were exposed to a high 183 temperature in the light, no significant decrease of Fv/Fm was detected. After incubation at 42 °C for 4 h, 184
Fv/Fm decreased by approximately 13.8% in the dark and by only 1.8% under low light (Figure 2A ). 185
Meanwhile, the Pm value remained stable during this process ( Figure 2B ). Figure 2C Figure 3A shows that there was a visible transient 209 postillumination increase in chlorophyll fluorescence in the unstressed leaves, and this increase was greater 210 in the light than in the dark. When the leaves were treated at 42 °C , the initial rate of the increasing phase in 211 chlorophyll fluorescence was enhanced in the light, with only a trace increase in the dark. The results 212 suggest that light treatment could activate the NDH, which was consistent with a previous study on barley 213 (Teicher and Scheller 1998). The electrons transferred from the reduced plastoquinone pool though the 214 operation of the NDH-dependent CEF can accelerate the re-reduction of P700 + (Mi et al. 1995 ). The 215 half-time of P700 + re-reduction (t1/2) was calculated after treatment with 42 °C ( Figure 3B ). Under heat 216 stress, there was a greater decrease in the t1/2 of P700 + re-reduction both in the dark and in the light, and a 217 further decrease was found in heated leaves under low light, which can be explained by the contribution of 218 the NDH-dependent CEF (Li et al. 2016) . 219 
231
To further examine the role of the CEF in protecting PSII from photoinhibition under heat stress in the 232 presence or absence of light, the grape discs were incubated at 25 º C and 42 °C at designated light 233 intensities, and the activity of PSII was measured in the presence of antimycin A (AA, to inhibit 234 PGR-dependent CEF) and methyl viologen (MV, to abolish any CEF) solutions (Figure 4) . The presence of 235 light did not change the PSII activity significantly at 25 °C in the AA-fed leaves compared with the leaves 236 in the dark. Fv/Fm progressively decreased during the high-temperature treatment, but the decreases of 237
Fv/Fm in the dark were more significant than the decreases in the light ( Figure 4A ). Fv/Fm decreased by 238 approximately 12% and 60% after a 4-h, high-temperature treatment in the light and in the dark, 239
respectively. These results suggest that the extent of PSII photoinhibition caused by the inhibition of the 240 PGR5-dependent CEF was much lower when the heated leaves had been exposed to light. In the MV-fed 241 leaves, compared with the unstressed leaves, Fv/Fm decreased by approximately 43% and 65% after high-242 temperature treatment in the light and in the dark, respectively ( Figure 4B ). The significant difference in 243
Fv/Fm between the AA-treated and MV-treated samples further indicated that the NDH-dependent CEF, 244 which was activated by light could depress the level of PSII photodamage in heated leaves. Although the inhibition of photosynthesis by high temperatures has been widely studied, little attention has 253 been paid to the effect of light on the response of plants to heat stress. In this study, the heat tolerance of 254 plants in both the dark and the light was determined by exposing leaf sections to a range of temperatures, 255
followed by measuring chlorophyll a fluorescence (Fv/Fm and Fo). In leaf discs that were exposed to 256 elevated temperatures, the critical temperature (Tc) was remarkably lower in the dark than in the light, 257
suggesting that grape leaves tolerate heat better in the light. 258 PSII is generally considered to be sensitive to heat stress (Havaux 1993; Havaux et al. 1991; Li et al. 2009 ). 1993). As observed in the study, the D1 protein was degraded more effectively by high temperatures in the 267 dark ( Figure 2D ). When the leaves were exposed to high temperatures at the same intensity in the presence 268 of chloramphenicol, which blocks the repair of PSII, the light-mediated change of Fv/Fm was eliminated 269 ( Figure 2E ). This finding confirmed that the enhancement of the PSII heat tolerance in the presence of light 270 was partly caused by alleviation of the inhibition of D1 protein synthesis (Marutani et al. 2012 ). 271
The D1 protein synthesis and repair process of damaged PSII requires a large amount of ATP in a short time 272 (Allakhverdiev et al. 2005 ). The NDH-dependent CEF was thought to supply ATP through additional 273 proton transport across the thylakoid membrane (Yamori et al. 2015) . The impairment of NDH-dependent 274 CEF rescued the proton motive force (pmf) in Arabidopsis at low-to moderate-light intensities (Wang et al. 275 2015) . In our study, heat induced a higher initial rate of the transient postillumination increase in 276 chlorophyll fluorescence when exposed to light. In contrast, when treated in the dark, a decreased level of 277 fluorescence with slower kinetics was observed ( Figure 3A) , suggesting that the activity of NDH-dependent 278 CEF can be activated significantly by light treatment. Compared with the unstressed leaves, there was a 279 decrease in the half-time of P700 + re-reduction (t1/2), and this decrease was greater in the light than in the 280 dark ( Figure 3B ), suggesting that the operation of the NDH-dependent CEF accelerates the re-reduction of 281 P700 + (Mi et al. 1995 to the re-reduction of P700 + in heated leaves. When the PGR-dependent CEF was inhibited, the extent of 299 PSII photoinhibition caused by heat stress was much lower in the light than in the dark, further implying 300 NDH-dependent CEF played a role in protecting PSII against photodamage under high temperatures. 301
Therefore, low light acts as an efficient protector of the photochemical activity against heat stress by 302 alleviating the degradation of the D1 protein through stimulating the NDH-dependent CEF pathway. 
